To obtain a comprehensive view of the transcriptional programs in prostatic stromal cells of different histological/pathological origin, we profiled 18 adult human stromal cell cultures from normal transition zone (TZ), normal peripheral zone (PZ), benign prostatic hyperplasia (BPH), and prostate cancer (CA) using cDNA microarrays. A hierarchical clustering analysis of 714 named unique genes whose expression varied at least threefold from the overall mean abundance in at least three samples in all 18 samples demonstrated that cells of different origin displayed distinct gene expression profiles. Many of the differentially expressed genes are involved in biological processes known to be important in the development of prostatic diseases including cell proliferation and apoptosis, cell adhesion, and immune response. Significance Analysis of Microarrays (SAM) analysis identified genes that showed differential expression with statistical significance including 24 genes between cells from TZ versus BPH, 34 between BPH versus CA, and 101 between PZ versus CA. S100A4 and SULF1, the most up-and downregulated genes in BPH versus TZ, respectively, showed expression at the protein level consistent with microarray analysis. In addition, sulfatase assay showed that BPH cells have lower SULF1 activity compared to TZ cells. Quantitative real-time polymerase chain reaction (qRT-PCR) analysis confirmed differential expression of ENPP2/autotoxin and six other genes between PZ versus CA, as well as differential expression of six genes between BPH versus CA. Our results support the hypothesis that prostatic stromal cells of different origin have unique transcriptional programs and point towards genes involved in actions of stromal cells in BPH and CA.
Stromal cells of the prostate are known to regulate epithelial growth as well as support and maintain epithelial function. Classic rodent studies have shown that stroma is a major inducer of epithelial cell growth and differentiation in prostate development by mediating androgen actions (Cunha, 1984; Cunha et al., 1987) . These experiments demonstrated that prostatic development only occurs when embryonic stroma (Urogenital Sinus Mesenchyme (UGM), an androgen receptorpositive, mesodermally derived tissue) and epithelium (Urogenital Sinus Epithelium (UGE), an endodermally derived tissue) are recombined before implantation under the renal capsule of experimental animals, but not when implanted separately (Chung and Cunha, 1983; Cunha et al., 1983b) . In addition, while wild-type UGM can induce urinary bladder epithelium to undergo a complete redifferentiation to a prostatic phenotype, androgen-insensitive UGM (which lacks the androgen receptor) fails to induce prostatic differentiation of UGE (Cunha et al., 1980; Cunha et al., 1983a) .
The stroma also plays an important role in the pathogenesis of prostate diseases (Cunha et al., 2002; Lee and Peehl, 2004; Chung et al., 2005) . For instance, the earliest manifestation of benign prostatic hyperplasia (BPH) is the appearance of the mesenchyme in periurethral nodules, which has similar morphology to the prostatic mesenchyme during embryogenesis (McNeal, 1978) . In later stages of BPH development, glandular budding and branching toward a central focus leads to further nodule growth (McNeal, 1978) . Such morphological evidence suggests that BPH is intrinsically a mesenchymal disease that results from a reawakening of embryonic inductive interactions between the prostatic stroma and epithelium. In prostate cancer, the stroma generated by the recruiting signals released from adenocarcinoma cells, called ''reactive stroma,'' is similar to the stroma at the sites of wound repair both histologically and molecularly (Tuxhorn et al., 2001; Chang et al., 2004; Condon, 2005) . Reactive stroma from prostate cancer has been shown to stimulate cancer cell growth and migration and to promote angiogenesis by altering the balance of angiogenesis activators and inhibitors (Tuxhorn et al., 2002a,b) . In addition, reactive stroma has been associated with the clinical course of prostate cancer, with increased reactive stroma predicting progression and worse outcome (Ayala et al., 2003) . Finally, reactive stroma is capable of transforming a non-tumorigenic prostatic epithelial cell line (BPH-1) to a malignant one (Hayward et al., 2001) . It becomes clear that the stroma in prostate cancer not only provides a supportive microenvironment that promotes tumor progression, but also is a critical determinant of benign versus malignant growth.
Despite the importance of stromal cells in prostate development, function and disease, a comprehensive view of the transcriptional programs in stromal cells of different histological and pathological origin is currently lacking. Such information may provide not only new insights into the biology of prostate pathogenesis, but also novel therapeutic strategies aimed at preventing the generation of stroma important for disease development and progression. For instance, genes comprising a stereotypical gene expression program in response to serum exposure by fibroblasts from 10 different anatomic sites have been shown to be coordinately regulated in many human tumors including prostate cancer (Chang et al., 2004) . This transcriptional signature of the response of fibroblasts to serum has also been shown to be a powerful predictor of the clinical course in several common carcinomas.
Although prostatic stromal cells cultured from different histological and pathological origins are similar in certain phenotypic features including their morphology, population doubling time, cell cycle distribution, and response to genotoxic and chemotoxic agents, they differ in a number of aspects (San Francisco et al., 2004) . First, carcinoma-associated fibroblasts (CAF) exhibit an increased potential to undergo anchorage-independent growth in soft agar compared to fibroblasts cultured from normal human prostate (NHPF) (San Francisco et al., 2004) . Second, stromal cells from BPH (BPHF) and cancer tissues show different capability in inducing the growth of BPH-1 epithelial cells in tissue recombinant experiments (Barclay et al., 2005) . BPH-1 recombinants with BPHF produced small grafts with similar histology to BPH. In contrast, CAF produced aggressive prostatic tumors when recombined with BPH-1 cells (Barclay et al., 2005) . Finally, a number of molecules have been shown to be differentially expressed by stromal cells of different histology or pathology. For example, transforming growth factor (TGF)-b1 is expressed in higher concentrations in CAF than NHPF, which may contribute to the higher capability of CAF to form colonies in soft agar and the ability of CAF to promote malignant progression of prostate epithelial cells (San Francisco et al., 2004) . In addition, a number of growth factors and cytokines are reportedly overexpressed in BPH stroma including fibroblast growth factor (FGF)-2, FGF-7, insulin-like growth factor (IGF)-1, IGF-2, and interleukin (IL)-1a (Lee and Peehl, 2004) . Based on these observations, we hypothesize that prostatic stromal cells of different histological and pathological origins have distinct transcriptional programs. To test this hypothesis, we profiled 18 human stromal cell cultures from normal transition zone (TZ), normal peripheral zone (PZ), BPH, and cancer (CA) tissues using cDNA microarrays containing 24,473 unique genes. We compared gene expression profiles of BPH cells to normal TZ cells because the TZ is the main site of origin of BPH. Similarly, we compared gene expression profiles of CA cells to normal PZ cells because the majority of prostate cancer arises in the PZ.
MATERIALS AND METHODS

Cell culture
Primary cultures of human prostatic stromal cells were established from histologically confirmed normal, BPH, or CA tissues according to previously described methods (Peehl and Sellers, 2000) . The primary cell cultures used in this study are listed in Table 1 . The presence of contaminating epithelial cells was ruled out by the absence of staining with antibodies against epithelial keratins 5 and 18 (Enzo Life Sciences, Inc., Farmingdale, NY). The stromal cell cultures were 100% pure by passage 2 under our culture conditions. These cultures were serially passaged in SCGM TM (Cambrex, East Rutherford, NJ) supplemented with 5 mg/ml insulin, 1 ng/ml FGF-2, 5% fetal bovine serum (FBS), and 100 mg/ml of gentamycin. At passages 4-17, cells were seeded on 100-mm cell culture dishes with 1 million cells/dish. Twenty-four hours later, cells were switched to MCDB 105 (Sigma-Aldrich, St. Louis, MO) with 100 mg/ml of gentamycin. Total RNA was isolated another 24 h later. MCF-7 cells were cultured in DMEM (Invitrogen TM , Carlsbad, CA) supplemented with 10% FBS and MCF-10A cells were cultured in DMEM/F12 (Invitrogen TM ) supplemented with 15 mM HEPES buffer, 5% horse serum, 10 mg/ml insulin, 20 ng/ml epidermal growth factor (EGF), 100 ng/ml cholera toxin, and 0.5 mg/ml hydrocortisone.
RNA isolation and microarray hybridization
Total RNA was isolated using TRIzol solution (Invitrogen TM ) according to manufacturer's instructions. Fluorescently labeled DNA probes were prepared from 50 to 70 mg total RNA isolated from prostatic stromal cells (Cy5-labeled) and Universal Human Reference RNA (Stratagene, La Jolla, CA) (Cy3-labeled) by reverse transcription using an Oligo dT primer 50-TTTTTTTTTTTTTTT-30 (Qiagen, Valencia, CA) as described previously (Zhao et al., 2005) . Labeled probes from each stromal cell RNA and reference RNA were mixed and hybridized overnight at 658C to spotted cDNA microarrays with 41,126 elements (Stanford Functional Genomics Facility, Stanford, CA). Microarray slides were then washed to remove unbound probe and scanned with a GenePix 4000B scanner (Axon Instruments, Inc., Union City, CA).
Data processing and analysis
The acquired fluorescence intensities for each fluoroprobe were analyzed with GenePix Pro 5.0 software (Axon Instruments, Inc.). Spots of poor quality were removed from further analysis by visual inspection. Data files containing fluorescence ratios were entered into the Stanford Microarray Database (SMD) where biological data were associated with fluorescence ratios and genes were selected for further analysis (Sherlock et al., 2001) . Hierarchical clustering was performed by first retrieving only spots with a signal intensity >150% above background in either Cy5-or Cy3 channels in at least 70% of the microarray experiments from SMD. We selected clones whose expression levels varied at least threefold in at least three of the samples from the mean abundance across all samples. The genes and arrays in the resulting data tables were ordered by their patterns of gene expression using hierarchical clustering analysis, and visualized using Treeview software (http://rana.lbl.gov/EisenSoftware.htm). Genes with potentially significant differential expression in stromal cells from different histological/pathological origins were identified using the Significance Analysis of Microarrays (SAM) procedure, which computes a two-sample T-statistic (e.g., for BPH vs. TZ cells) for the normalized log ratios of gene expression levels for each gene (Tusher et al., 2001) . The procedure thresholds the T-statistics to provide a ''significant'' gene list and provides an estimate of the false discovery rate (the percentage of genes identified by chance alone). We used a selection threshold that gives a relatively low false discovery rate and identifies a relatively high number of significant genes.
Quantitative real-time PCR (qRT-PCR)
Total RNA from stromal cells was reverse transcribed as described above. cDNA product was then mixed with DyNAmo SYBR 1 Green master mix (Biolabs, Ipswich, MA) and primers of choice in the subsequent polymerase chain reaction (PCR) using a DNA Engine Opticon 1 2 Continuous Fluorescence Immunochemistry F-TZ-1 and F-BPH-4 cells cultured on 8-well chamber slides were fixed in 2% paraformaldehyde and permeabilized in 95% ice-cold ethanol. Horse serum (10% in phosphate-buffered saline (PBS)) was used to block non-specific binding of antibodies. The slide was then incubated at room temperature (RT) for 30 min in the primary antibody. A mouse monoclonal antibody against human SULF1 (CBI PGA antibody core, Tempe, Arizona) and a rabbit polyclonal antibody against S100A4 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) were used at a 1:50 dilution. The slides were then washed and incubated in a biotinylated secondary antibody at RT for 30 min, washed and incubated again at RT for another 30 min in peroxidase-conjugated streptavidin. Color was developed with 3 0 ,3 0 diaminobenzidine (DAB) (DakoCytomation California, Inc., Carpinteria, CA). Counter staining was performed with hematoxylin. A similar procedure was used for tissue sections, except that tissues were first deparaffinized in xylene, and hydrated in a graded series of alcohol. Slides were then incubated in 0.3% hydrogen peroxide in methanol for 15 min and 10% horse serum for 20 min at RT before incubation in the primary antibody at 48C overnight.
Western blotting
Cells were lysed with lysis buffer (pH 7.5, 50 mM HEPES, 0.5% NP-40, 0.25% Na-deoxycholate, 0.1 mM sodium vanadate, 50 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF)). Protein concentration was determined using the Bradford assay (Bio-Rad, Hercules, CA). Twenty micrograms of protein were separated using a 10% NuPAGE 1 10% Bis-Tris Gel (Invitrogen) and transferred to a Hybond-P membrane (Amersham Life Sciences, Arlington Heights, IL). S100A4 was detected with a rabbit polyclonal anti-human antibody A5114 (DakoCytomation) and visualized with an ECL Plus kit (Amersham Biosciences, Piscataway, NJ). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was detected with a monoclonal mouse anti-rabbit antibody, MoAb 6C5, which reacts with human GAPDH (Research Diagnostics, Flanders, NJ). S100A4 and GAPDH signal intensities were quantified with a Scion Image software (http://www.meyerinst.com/ html/scion/scion_image_windows.htm).
In situ hybridization
In situ hybridization of tissue sections was performed based on a protocol published previously . Briefly, digoxigenin (DIG)-labeled sense and anti-sense RNA probes were generated by in vitro transcription using templates produced by PCR amplification of a 498-bp product with the T7 promoter incorporated into the primers. In vitro transcription was performed with a DIG RNA-labeling kit and T7 polymerase according to the manufacturer's protocol (Roche Diagnostics, Indianapolis, IN). Tissue sections (5 mm) from paraffin blocks were digested in 10 mg/ml of proteinase K at 378C for 30 min and hybridized overnight at 558C with either sense or anti-sense riboprobes at 200 ng/ml dilution in mRNA hybridization buffer (DAKO). The following day, sections were incubated with a 1:35 dilution of RNase A cocktail (Ambion, Austin, TX) for 30 min at 378C, followed by stringent washing. For signal amplification, a HRP-conjugated rabbit anti-DIG antibody (DAKO) was used to catalyze the deposition of biotinyl tyramide, followed by secondary streptavidin complex (GenPoint kit; DAKO). The final signal was developed with DAB (GenPoint kit; DAKO). For sense RNA probe, the primer sequences were 5 0 CTAATACGACTCACTATAGGGAT ACTCGGCAGACACGTTCC3 0 and 5 0 CCTCCTTGAATGGGTG AAGA3 0 . For anti-sense RNA probe, the primer sequences were 5 0 CTAATACGACTCACTATAGGGCCTCCTTGAATGGGTGA-AGA3 0 and 5 0 ATACTCGGCAGACACG TTCC3 0 .
Sulfatase assay F-TZ-1 or F-BPH-4 cells were cultured as described above and the assay was performed according to previously published protocols with modifications (Lai et al., 2004a) . After 24 h in serum-free medium, cells were washed in ice-cold PBS and lysed in SIE buffer (250 mM sucrose, 3 mM imidazole, pH 7.4, 1% ethanol) containing 1% (w/v) Nonidet P-40 and 1 mM PMSF. Protein concentration was determined as described above. The total cellular protein (20 mg) was pre-incubated with 10 mM estrone-3-O-sulfamate (Sigma-Aldrich) at 378C for 1 h to inhibit steroid sulfatases. 4-methylumbelliferyl sulfate was then added to a final concentration of 7.5 mM in a total volume of 200 ml. After incubation for 24 h at 378C, the reaction was terminated by addition of 1 ml of 0.5 M Na 2 CO 3 /NaHCO 3 , pH 10.7. The fluorescence of the liberated 4-methylumbelliferone was measured using excitation and emission wavelengths of 355 and 460 nm, respectively. MCF-7 and MCF-10A cells were used as positive and negative controls, respectively. Each reaction was performed in triplicate and standard deviation was calculated. The enzymatic activities of SULF1 in MCF-7, F-TZ-1, and F-BPH-4 cells were normalized against that in MCF-10A.
RESULTS
Gene expression profiles in prostatic stromal cells
We profiled gene expression of 18 stromal cell cultures including 4 from BPH, 2 from normal TZ, 5 from CA, and 7 from normal PZ (Table 1) . In order to standardize culture conditions at the time of analysis, 1 million cells were inoculated into each of seven 100-mm dishes containing SCGM TM . Twenty-four hours later, cells were changed to serum-free medium, then RNA was isolated 24 h later. This would allow the cells to enter a stationary, noncycling, or resting state, and minimize the differential gene expression due to different distributions of cells at each cell cycle phase. A hierarchical clustering analysis of 714 named unique genes represented by 1,032 clones whose expression varied at least threefold from the overall mean abundance in at least three samples in all 18 samples tested is shown in Figure 1A . In the dendrogram (Fig. 1B) , BPH stromal cells were separated from normal TZ stromal cells, demonstrating that prostate stromal cells from normal TZ and BPH tissues have distinct gene expression patterns. CA stromal cells were grouped in a tight cluster away from cells from other histological/ pathological origins except for one PZ stromal cell culture, indicating a unique transcriptional program associated with cancer-derived stromal cells. Note that two duplicate hybridizations of F-CA-1 clustered next to each other, showing a high reproducibility of the method. Interestingly, the PZ cultures showed heterogeneity in their gene expression profiles, as they were broken into three groups by the clustering algorithm. F-PZ-1, -5, and -7 were similar to each other in their expression patterns, where as F-PZ-2, -3, and -4 were alike. F-PZ-6, on the other hand, showed a similar expression profile to CA cells for reasons other than misdiagnosis since the histology of the area of tissue where the cells came from was confirmed as normal. In addition, varying gene selection criteria did not change the association of samples significantly (Fig. 1C,D) , suggesting a robust clustering. Of the named genes, more than 80% have some biological annotations associated according to Gene Ontology (GO). Many of them are involved in biological processes that are known to be important in the development of prostatic diseases including regulation of cell proliferation and apoptosis, cell adhesion, and immune response. See http://genome-www5.stanford. edu /cgi-bin/tools/display/list Micro Array Data.pl?table Name ¼ publication for a complete list of genes.
Identification of genes differentially expressed using SAM analysis
The SAM procedure was used to identify genes with statistically significant differences in expression between groups of samples, because SAM accurately identifies transcripts with reproducible changes in gene expression and is more reliable than conventional means of analyzing microarrays (Tusher et al., 2001) . Three comparisons were made between stromal cells of different histological/pathological origins. First, gene expression of BPH cells was compared to that of cells from TZ, the zone of origin of BPH. Thirty-four clones representing 24 unique named genes were selected by SAM as differentially expressed between TZ and BPH cells with a false positive rate of 24%. Of these, 21 were overexpressed in BPH compared to TZ cells, whereas 3 were underexpressed. Except for three of these genes, the others have been characterized to different extents according to GO annotations. The average-fold differences in expression of these genes between BPH versus TZ cells, ranks in SAM analysis, and GO annotations are listed in Table 2 .
The next comparison was of genes expressed by stromal cells from the two different pathological diseases, BPH and cancer. Forty-eight clones representing 34 unique named genes were selected by SAM as differentially expressed between BPH and CA cells with a false positive rate of 13%. Of these, 28 were overexpressed in BPH cells compared to CA cells, whereas 6 were overexpressed in CA cells compared to BPH cells. Thirty of the 34 genes have biological annotations in GO. The average-fold differences in expression of these genes between BPH versus CA cells, ranks in SAM analysis, and GO annotations are listed in Table 3 .
Finally, genes expressed by CA cells were compared to those expressed by normal cells from the PZ, the major zone of origin of adenocarcinomas in the prostate. One hundred seventeen clones representing 101 unique named genes were selected by SAM as differentially Table 4 . The false positive rates of SAM analysis were relatively high, possibly due to the small sample sizes.
Validation of microarray data by qRT-PCR
To confirm the gene expression changes observed by microarray analysis, real-time RT-PCR was performed on selected genes identified by SAM analysis. We tested a total of 35 genes (14 for BPH vs. TZ, 7 for BPH vs. CA, and 14 for CA vs. PZ) using qRT-PCR, and determined the significance of differential expression by t-test (Table 5) . We chose these genes because their known biological functions indicate that they may play a role in prostate pathogenesis. Nine of 14 genes (64%) were validated for the BPH versus TZ comparison, 6 of 7 genes (86%) for BPH versus CA, and 7 of 14 genes (50%) for CA versus PZ. As an example, relative expression levels of SULF1 and S100A4, the most under-and overexpressed genes in BPH versus TZ cells, respectively, are shown in Figure 2 . Expression of the top most differentially expressed genes in CA cells versus BPH cells, BST1 and OGN, were also confirmed (Fig. 2) . These results demonstrated that the gene expression differences discovered by microarray analysis are reliable, especially for BPH versus TZ and BPH versus CA. The disagreement between qPCR and microarray data may be, in part, due to the differences in statistical methods (SAM vs. t-test).
SULF1 and S100A4 proteins are differentially expressed in BPH and TZ cells SULF1 and S100A4 were the most under-or overexpressed genes in BPH compared to TZ cells, respectively, and have biological functions that indicate a possible role in disease development. To determine whether SULF1 and S100A4 were differentially expressed at the protein level, we performed immunochemistry on cultured BPH and TZ stromal cells. As shown in Figure 3 , SULF1 expression was significantly less in F-BPH-4 compared to F-TZ-1 cells (Fig. 3E,F) , whereas S100A4 expression was much higher in F-BPH-4 than in F-TZ-1 cells (Fig. 3G,H ). Both cell cultures showed similar uniform expression of vimentin (Fig. 3A,B) and no staining when bovine serum albumin (BSA) was used as negative control (Fig. 3C,D) . These results demonstrated that cultured BPH and TZ stromal cells differentially expressed these two genes not only at the transcript level, but also at the protein level.
Western blotting was performed to quantify the differences in S100A4 protein expression between cultured BPH and TZ stromal cells (Fig. 3I) . A uniform upregulation of S100A4 protein expression in BPH cells was observed, ranging from 7.7-to 10.7-fold, compared to that in TZ cells. Moreover, protein expression of S100A4 was also increased in the stroma of BPH tissue (Fig. 4) . Immunohistochemistry using paraffinembedded tissue sections revealed intense staining of S100A4 throughout the stroma in the tissue of origin of F-BPH-4 cells (Fig. 4A,C) , whereas only some stromal cells showed expression of S100A4 in tissue from which F-TZ-1 cells were cultured (Fig. 4B,D) . These results showed that stromal cells cultured from BPH faithfully retained the high level of expression of S100A4 that was present in the tissue of origin.
Expression of SULF1 transcripts in tissue sections were examined by in situ hybridization since antibody against SULF1 protein did not work on paraffinembedded tissues. TZ stroma displayed strong expression of SULF1 shown by anti-sense RNA probe staining (Fig. 4H) , whereas little expression of SULF1 was detected in BPH stroma hybridized with the same probe (Fig. 4G) . No staining was observed in the stroma of BPH (Fig. 4I) or TZ (Fig. 4J ) tissue when sense RNA probe was used. These results confirmed our findings from microarray and real-time qPCR analyses and show that SULF1 is downregulated in BPH tissue as well as in stromal cells cultured from BPH.
SULF1 enzymatic activity is downregulated in BPH cells
To evaluate SULF1 protein activity in BPH and TZ stromal cells, we performed a functional assay to determine the enzymatic activity of SULF1 in whole cell lysates. The relative activity of SULF1 in TZ and BPH cells was calculated by normalization to the activity in the negative control, MCF-10A cells, in which no SULF1 transcript is detectable. MCF-7 cells, previously shown to possess SULF1 activity, were used as a positive control. A more than fourfold decrease in SULF1 activity was observed in F-BPH-4 cells compared to F-TZ-1 cells (Fig. 5) , consistent with the decrease in 
DISCUSSION
Prostatic stromal cells cultured from tissues of different histological and pathological origins displayed distinct gene expression profiles. Many of the differentially expressed genes are involved in biological processes known to be important in the development of prostatic diseases including regulation of cell proliferation and apoptosis, cell adhesion, and immune response. SAM analysis identified genes that showed differential expression with statistical significance between two classes of samples with relevant histopathology. Our results provide a comprehensive evaluation of the gene expression profiles of cultured prostatic stromal cells, and support the hypothesis that prostatic stromal cells of different histological/pathological origins are indeed Response to unfolded protein different in their transcriptional programs. This dataset also serves as a valuable resource for researchers to explore the mechanisms of actions of stromal cells in the development of BPH and prostate cancer. It should be noted that although expression of certain genes such as FGFs and FGF receptor subtypes by cultured prostatic stromal cells seems to mimic the expression pattern in tissue quite faithfully, primary stromal cells growing on plastic do not represent conditions that mimic stromal-epithelial interactions. Therefore, caution needs to be taken when interpreting gene expression data generated using cultured cells, especially if cells are of relatively high passage and will have undergone significant change in their gene expression profiles. Almost all prostate gene expression profiling studies have focused on molecular events associated with abnormalities in epithelial cells using either whole tissues or cultured cells (Luo et al., 2001; Brooks, 2002; Fromont et al., 2004; Nelson, 2004; Rose et al., 2005) . We previously conducted one of the few gene expression profiling studies to date of prostatic stromal cells in which we investigated doxazosin-induced gene expression (Zhao et al., 2005) . In that study, we only evaluated two cultures of each normal and pathological type (TZ and BPH), but nevertheless observed similar partitioning of normal TZ stromal cells from BPH stromal cells based on their gene expression patterns. In fact, when hierarchical clustering was performed using combined data for TZ and BPH cultures from our previous and current studies, a clear separation of TZ from BPH cells was observed (unpublished data), indicating a robust difference between transcription programs in BPH versus normal TZ stromal cells. Out of the 34 clones selected by SAM as differentially expressed between TZ and BPH cells in this study, 69% also showed differential expression in the same direction in our previous dataset. This finding also demonstrates the high reproducibility of our microarray experiments.
We compared our results with those in a recently published report by Joesting et al. (2005) of genes differentially expressed between cultures of prostate cancer-associated fibroblasts (CAFs) and normalassociated fibroblasts (NAFs) using Affymetrix microarrays. In that study, 119 genes were identified with a statistically significant difference in expression between CAFs and NAFs. We found no overlap of those 119 genes with the 101 genes that we identified as differentially expressed between CA stromal cells and normal PZ stromal cells. In addition, we examined the expression of SFRP1, identified in the study by Joesting et al. (2005) as overexpressed in CAF compared to NAF and suggested to be a candidate mediator of stromal-to-epithelial signaling in prostate cancer. Our microarray analysis showed no significant difference in the expression level of SFRP1 between CA and PZ stromal cells (P ¼ 0.06). We also measured SFRP1 mRNA in CA and PZ stromal cells by real-time qPCR and again found no significant difference in expression (P ¼ 0.28) (not shown). There are several possible explanations for the differences in genes identified in these two studies. First, and may be the most important, is that the normal stromal cells used in these two studies were perhaps different. Ours come exclusively from histologically defined PZ of the prostate, whereas the study by Joesting et al. (2005) used NAFs from undefined zonal areas. When we compared gene expression between CA stromal cells and normal stromal cells from TZ or central zone (CZ), the genes identified did not overlap with those found when normal PZ cells were used in the comparison (not shown). It appears that the anatomic origin of normal stromal cells is an important factor in such comparisons and caution needs to be taken when interpreting results from incompletely characterized cells or tissues. This is consistent with the finding of Stamey et al. (2003) who noted that different gene profiles were identified when cancer tissues were compared to normal tissues depending on which of the three zonal tissues (CZ, PZ, or TZ) were used as a control. Another explanation for the different results may be the phenotypic state of the cells at the time of RNA isolation. In order to eliminate complexities related to relative states of confluency, proliferation, and differentiation among the cell cultures, we followed a strict protocol of inoculating a given number of cells into Fig. 3 . Comparison of SULF1 and S100A4 expression in cultured BPH and TZ cells by immunochemistry (A-H) and Western blotting (I). SULF1 expression is significantly less in F-BPH-4 cells (E) compared to F-TZ-1 cells (F), whereas S100A4 expression is much higher in F-BPH-4 cells (G) than in F-TZ-1 cells (H). Both cell cultures showed similar uniform expression of vimentin (A, B) and no staining when BSA was used as negative control (C, D). Western blotting (I) showed S100A4 expression was decreased in BPH cells, ranging from 7.7-to 10.7-fold, compared to TZ cells. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.] Fig. 4 . Comparison of S100A4 and SULF1 expression in tissue sections of BPH and TZ. Intense staining of S100A4 by immunohistochemistry was observed throughout the stromal area of BPH tissue from which the cell culture, F-BPH-4, was derived (A), whereas only some stromal cells showed expression of S100A4 in the normal TZ tissue from which F-TZ-1 was derived (B). C and D are higher magnification of (A) and (B), respectively. E and F are negative controls stained with BSA. In situ hybridization using anti-sense RNA probe against SULF1 showed that SULF1 transcript is present at high levels in the stroma of normal TZ tissue (H), but not in BPH stroma (G), whereas sense RNA probe did not show labeling in either BPH (I) or TZ (J) stroma. [Color figure can be viewed in the online issue, which is available at www.interscience. wiley.com.] non-proliferative (serum-free) medium 24 h prior to RNA extraction. Certainly different protocols may have a significant impact on gene expression profiles. Alternatively, differences in the array platforms and statistical methods used to derive the gene lists may also contribute to the differences observed.
Novel genes that showed differential expression between stromal cells of BPH and TZ in our study should shed light on the role of stromal cells in the pathogenesis of BPH. The current theory is that autocrine and paracine signaling from stromal cells creates a focal area of reawakening of epithelial budding and BPH nodule formation. Although a number of factors have been implicated as mediators of such autocrine and paracrine signaling including FGF, EGF, IGF, and TGF-b, the precise mechanisms that cause BPH are not clear (Lee and Peehl, 2004) . Our results implicate the decreased expression of a factor, SULF1, as an important event leading to enhanced growth factor signaling in BPH. Several studies have shown that SULF1, a cell surface sulfatase, functions as a negative regulator of cell growth and that loss of SULF1 potentiates signaling of growth factors such as hepatocyte growth factor (HGF) and FGF (Lai et al., 2003 (Lai et al., , 2004a Wang et al., 2004) . We propose that loss of SULF1 in prostate stromal cells exerts a pro-proliferative effect in an autocrine and/or paracrine manner that leads to an overgrowth of epithelial and stromal cells. In addition, loss of SULF1 may also be related to the decreased apoptosis in BPH that has been reported (Lee and Peehl, 2004) , since such an effect of decreased SULF1 expression has been reported in a number of tissues (Lai et al., 2004a,b; Sala-Newby et al., 2005) .
The theory of embryonic ''reawakening'' in the pathogenesis of BPH states that BPH is a process of epithelial budding and branching similar to the glandular morphogenesis that occurs in embryonic tissue as a result of stimulation from the underlying mesenchymal tissue (Isaacs and Coffey, 1989) . Consistent with this theory, we observed overexpression of genes that are known components of important signaling pathways in embryonic development of the prostate. It has been shown that during ductal bud formation in rat prostate, activities of Sonic hedgehog (Shh) pathway components including the Shh receptor, Ptc1, and the members of the Gli gene family of transcriptional regulators (Gli1, Gli2, and Gli3) play a role in prostatic epithelial growth through epithelial-stromal interactions (Lamm et al., 2002; Lipinski et al., 2005) . For instance, expression of Gli1, Gli2, and Gli3 was detected in the UGM during this period (Lamm et al., 2002) . We observed a strong upregulation of Gli3 at the transcript level in BPH compared to normal TZ stromal cells, suggesting a possible role of Shh signaling in promoting overgrowth of prostatic epithelium, stroma, or both in BPH nodule formation. Further investigation of the expression of target genes of the Shh pathway in BPH will help to determine the scope of involvement of Shh signaling in the pathogenesis of BPH.
Besides providing evidence to support existing theories of BPH formation, our study also provides new insights into the mechanisms that may underlie this pathological process. For instance, we observed an upregulation of S100A4, a member of the S100 calciumbinding protein family, at both transcript and protein level in BPH compared to normal TZ stromal cells. This protein, also known as FSP1 (fibroblast-specific protein 1), is expressed by fibroblasts, possibly derived from epithelial cells through epithelial-mesenchymal transformation, during experimental tissue fibrosis (Strutz et al., 1995; Iwano et al., 2002) . Its expression is also inducible by cytokines classically associated with fibrosis including EGF and TGF-b1 (Okada et al., 1997) . In addition, experimental fibrogenesis can be attenuated by the selective elimination of tissue fibroblasts using a herpes virus thymidine kinase transgene under the control of the FSP1 promoter (Iwano et al., 2001 ). These findings provided direct evidence that FSP1-expressing fibroblasts play a crucial role in the progression of fibrosis. The upregulation of FSP1 in BPH stromal cells that we observed indicates that molecular mechanisms underlying fibrosis may be involved in the pathogenesis of BPH. There is a large body of evidence that in BPH, the stromal-to-epithelial ratio increases up to 5:1 compared to the normal ratio of 2:1, and early nodules in the periurethral area are mostly stromal (McNeal, 1990; Shapiro et al., 1992) . It is possible that this increase in the stromal volume is a result of fibrogenesis similar to that in fibrosis, and that blocking fibrosis may be effective in BPH treatment.
It is becoming accepted that the stromal microenvironment contributes to tumorigenesis in cancers of epithelial origin, including prostate cancer (Cunha et al., 2002 (Cunha et al., , 2003 . There are a number of molecular mediators of stromal-epithelial interactions in tumorigenesis reported so far. Our study implicates ENPP2/ autotaxin and lysophosphatidic acid (LPA) signaling in stromal-epithelial interaction in prostate cancer. Autotaxin has been shown to be a potent stimulator of cancer cell motility and angiogenesis, an anti-apoptotic factor in mouse fibroblasts, and a specific target of transformation by v-JUN in chicken fibroblasts (Nam et al., 2001; Umezu-Goto et al., 2002; Black et al., 2004; Hama et al., 2004; Song et al., 2005) . Because autotaxin is a key enzyme responsible for LPA generation in vivo, the observed functions of autotaxin are likely to be mediated by LPA signaling, which has been implicated in such diverse processes as wound healing, vascular Fig. 5 . Sulfatase assay in cultured BPH and TZ stromal cells. Relative activity was calculated by scaling the activity in MCF-10A cells, the negative control, to 1. MCF-7 cells were used as a positive control. F-BPH-4 cells showed a more than fourfold decrease in SULF1 activity compared to F-TZ-1 cells.
remodeling, and tumor progression (Brindley, 2004; Moolenaar et al., 2004) . In our study, SAM analysis showed that autotaxin is the most differentially expressed gene between CA and normal PZ stromal cells, and qRT-PCR confirmed its overexpression in CA stromal cells. This overexpression may have two consequences in the development of prostate cancer. First, autotaxin may act as an autocrine signal to promote stromal proliferation, a key element in creation of a ''reactive stroma.'' In addition, since autotaxin is a secreted protein, it also may act as a paracrine factor in stimulating epithelial growth and angiogenesis in cancer tissues. Our findings suggest that autotaxin may be a valuable target in interventions to eliminate stromal contributions in tumor progression.
Taken together, our dataset may serve as a valuable resource for exploring molecular mechanisms underlying prostate pathogenesis. Such knowledge may also help the discovery of therapeutic targets for treatment of BPH and cancer.
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